Introduction
Suspension-feeding insects in freshwater environments have filters on specific parts of the body for capturing suspended particles. Exceptions to this are larvae that build nets. The filters of suspension-feeding black fly larvae consist of a pair of labral fans located on the head (Fig. I ). Mayfly species that feed on suspended materials have filters on their legs (Figs. 2 and 3) . The function of filters as mechanical sieves has been well documented among the various groups of freshwater suspension-feeding insects. In addition to sieving, Braimah ( 1987) demonstrated the importance and applicability of direct interception, inertial impaction, gravitational deposition, and diffusion or motile-particle deposition to particle capture in suspension-feeding insects in freshwater environments.
When suspended particles reach a filter's surface by one or more of the four mechanisms they must be separated from the medium in which they are carried. Whether a particle is retained (captured) or not depends upon a number of factors.
The attachment efficiency, Ea, is a function of surface properties of filters and particles, and resident time of particles near filters. The latter factor is governed by the flow regime (whether it is laminar or turbulent) and the kinds of forces (inertial or viscous) that dominate flow.
A review of suspension feeding in flagellates, ciliates, sponges, copepods, bivalves, and ascidians (Jbrgensen 1983) and other studies (O'Neil 1978; Koehl and Strickler 1981; Vogel 1981; Gerritsen and Porter 1982; Porter et al. 1983; LaBarbera 1984) showed that viscous forces play a more important role in particle capture in aquatic invertebrates than was previously realized. Earlier attempts to analyse particle 'present address: 2541 -1 16 Street, Edmonton. Alta., Canada T6J 327. retention in passive, suspension-feeding, freshwater insects have given little attention to forces of fluid mechanical origin near filters. This lack of information of flow pattern was mostly due to difficulties involved in flow visualization because of the small size of filters. A more complete evaluation of particle capture by filter-feeding structures requires the use of scaled-up models to determine the actual pattern of flow around filters.
Scaled-up models facilitate flow visualization and make it easier to study iluid mechanical principles. If the Reynolds numbers for two systems are the same, then there is similarity in the streamline patterns in the model and prototype, and both have an equal drag coefficient, i.e. , dynamic similarity (Fung 1969) . Gerritsen and Porter (1982) used a scaled-up model made with 110-km mesh plankton netting oscillated in glycerin to study boundary layer thickness at filtering setules on the appendage of Daphnia mugna Straus. Silvester (1983) used nylon thread to study pressure drop across trichopteran filter nets by calculating changes in velocity of water flow through them. Scaled-up models of larvae of Simulium vituttum Zett.
were used by Chance and Craig (1986) to demonstrate that aggregation is beneficial to feeding in this species of black fly. Wu et al. ( 1975) and Vogel ( 198 1 ) are good sources for biological investigations that used scaled-up models.
The objective of this study was to use scaled-up models for flow visualization around filters of two suspension-feeding freshwater insects and to study the fluid mechanical principles exploited in separating particles from suspension.
Hydrodynamic principles that are relevant to suspensionfeeding insects are outlined below. length dimension (L) may be chosen in defining Re, leading to different values for the number. In comparing flow systems with Re similarly defined, the system with the lower Re value has the more pronounced viscous effect.
Flow at Re less than 1 is characterized by large viscous forces, inertial forces being negligible (Fung 1969) , and flow is typically laminar. Detailed fluid mechanics of flow dominated by viscous forces is given by Happel and Brenner ( 1965) .
Velocity gradients and boundary layers
There is no slip (i.e., no relative motion) between a surface and the fluid layer immediately adjacent to it. This condition creates a velocity gradient near the surface due to subsequent layers of fluid slowing down. Velocity changes from zero at the surface to that of free stream flow some distance away. The thickness of the boundary layer (a), or the regions of the fluid to which the viscous effect extends, is arbitrarily assumed to be the distance from the surface where the velocity has increased to at least 99% of the free stream flow (Schlichting 1960) . Although, 99% is the most commonly used value, some authors (Streeter and Wylie 1979) use 90%. Vogel (1981) pointed out that the outer limit depends on the function for which one is invoking a boundary layer, and suggests that 90 probably has more biological significance.
Flow within a boundary layer may be laminar, transitional, or turbulent depending on the magnitude of the Re. At very low Re values the 90% boundary layer thickness 6 is represented by [2] 6 = d /~e "~ (Fung 1969) where d = diameter of object; Re = Reynolds number; and 6 = thickness of boundary layer.
Drag in fluid flow
Drag is defined as the rate of removal of momentum from a moving fluid by an immersed body (Vogel 198 1). The drag experienced by the body is represented by
where p = density of fluid at experimental temperature; U = free stream velocity; S = area of object exposed to flow; and UI = velocity at the downstream region (i.e., in the wake of the object).
Estimates of UI were based on velocity of particles in the region behind rays.
Materials and methods
Scanning electron micrographs of filters of simuliid larvae and ephemeropreran nymphs Labral fans of simuliid larvae and forelegs of the ephemeropteran nymphs were prepared for SEM studies after the method of Ross and Craig (1979) . Diameter and length of microtrichia, number of microtrichia per ray, number of rays per labral fan and per foreleg, and number of rows of rays per segment of foreleg were measured from photomicrographs.
Scaled-up models of portions of filters
Scaled-up models of portions of labral fans of larval Simulium bivirrarum Malloch (Fig. 4) and rays on the forelegs of nymphs of Isonychia campesrris McDunnough (Fig. 5 ) were made with Plexiglas and metal pins. Plexiglas and metal pins represent ray and microtrichia, respectively. The width and length of Plexiglas and metal pins were increased by a factor of 3000 over that of the actual insect structures. Relative shape, orientation, and dimension of each scaled-up model were determined from scanning electron micrographs.
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For personal use only. The area of the model of labral fans of simuliid larva was calculated using the following equation: (Ross and Craig 1980) where r = average radius of microtrichia; h = average height of microtrichia; I = average surface area of a microtrichia; R = average number of rays per labral fan or foreleg; M = average number of microtrichia per ray; and A = average surface area of both sides of a labral fan ray.
Area of rays on each row of the forelegs of nymphs of I. campestris was calculated using the following formula:
where M I = average number of microtrichia for first row of rays; and M2 = average number of microtrichia for second row of rays.
Towing experiments
The models were towed through Canola oil at various velocities by a gear-reduced type NSH-12 Fractional Horsepower motor (Bodine Electric Co., Chicago, Illinois) attached to a model SL 15 Minarik feedback control (Minarik Electric Co., Los Angeles, California). A trolley to which the models were attached was mounted on two linear bearings and pulled (Fig. 6 ). This arrangement reduced vibration to the models and improved flow visualization. Electrically controlled start-stop contacts were used to maintain a fixed distance of 68.0 cm travelled by each model. The oil was cooled to 10°C to achieve the desired dynamic viscosity of 143.0 cP. Two size classes (==2.0 and 2.4.0 mrn) of polystyrene particles, to represent 0.5 and 1.2 k m particles, respectively, were added to the oil. Particles were kept in suspension by stirring. An interval of 30 s was required between each experiment to allow the turbulence created by stirring to subside. Reynolds number (Re), boundary layer thickness (6), and drag were calculated for each model at various velocities. These values were compared with those for live immatures of both insects by invoking the principle of dynamic similarity (Fung 1969; Francis 1975; Vogel 198 
Boundary layer around models
Photographs of polystyrene particles in different velocity gradients (Fig. 7) in the laminar boundary layer around each ray were taken from the video monitor. The editing unit was switched to manual mode so that frame by frame analysis could be done. Two fields of interlacing scan lines make up one television frame (i.e., one field = 1 160 s). Photographs were taken with a Canon A 1 camera with an 80-to 210-mm macro zoom lens, and a 2 x Tameron convert0 Tri-X film rated at I S 0 800 was used. Exposure was 118 s at F4. 
Velocity gradients in boundary layer around filters
The distance of polystyrene particles from the surface of rays and microtrichia (Table I ) was approximated using the following equation:
where 6U.,/64' = rate of change in velocity along microtrichia and ray; X = distance downstream from leading edge of microtrichia and associated ray: U = free stream velocity; pc = density of Canola oil; kc = dynamic viscosity of Canola oil.
Calculations and results

Drag
Results indicate that drag on the filters of nymphs of I. campestris was greater than on the filters of S. bivittatum at all current velocities (Table 2) . Immatures of I. campestris have a higher relative increase in drag on filters from low to high velocities. There was a 6-fold increase for larvae of S. bivittatum and a 40-fold increase for larvae of I. campestris (Table 2) .
Reynolds number (Re)
Particle capture by microtrichia and rays of both insects (Tables 3 and 4) rays and microtrichia. Most of the large particles in the viscous layer sedimented. At the end of each towing run there were more smaller particles on the rays and microtrichia. Isonychia campestris-Pattern of flow observed was similar to that of larvae of S. bivittatum. When there was very little flow between the first row of rays, particles that entered the boundary layer between the first and second rows of rays travelled in the same direction as the models. Larger particles in the zone sedimented. Rays in the first row captured more particles than rays in the second row. Size of particles captured by rays in both rows was similar to that observed for larvae of S. bivittatum. considerably at Re above 1 .O, although it was still noticeable at Re up to 1.5. The boundary layer around each ray was thinner and there was flow between adjacent rays. Generally the velocity gradients around each ray and microtrichia steepened. Particles in faster gradients were observed to overtake particles in the slower gradients near rays and microtrichia (Fig. 7) . The effect of viscous forces decreased even further around Re of 3 with consequent decrease in thickness of boundary layer and faster flow between adjacent rays. Sedimentation rate of large particles also decreased. The majority of particles captured were in the smaller size class even at the maximum Re of 4.0.
Isonychiu campestris (1 < Re < 8; real life equivalent of 17.5-100.0 cm/s)-Pattern of flow observed for rays on the first row was similar to that of larvae of S. bivittatum except that viscous forces were more noticeable. There was flow between rays on the second row where Re was 0.7 (Table 4 ). The dead zone between the first and second row of rays became mobile at Re of 3.0, but sedimentation of large particles continued in the zone at a slower rate. There was considerable decrease in the effect of viscous forces in the zone at Re of 5.0, resulting in steeper velocity gradients and decreased sedimentation of larger particles. The number of smaller particles captured at higher Re values was less than at Re less than 1 .O.
Discussion
Structure offilters and particle capture
Simulium bivittutum Larvae capture suspended particles by presenting mucosubstance-coated microtrichia (Figs. 8 and 9 ) to currents. It has been suggested by Ross and Craig (1980) that the mucosubstances may be negatively charged. It is also possible that these substances change the surface chemistry of microtrichia and rays to enhance particle attachment by hydrophobic-hydrophilic and ionic interaction (Gerritsen and Porter 1982) . The thickness of the boundary layer (Tables 3 and 4) is such that there was virtually no flow between individual microtrichia, even at the maximum Re of 2.11 (real velocity equivalent of 42.0 cm/s). Parallel filter orientation and arrangement reduces drag (Spielman 1977; Vogel 198 l ) , but it also reduces capture efficiency because of the small surface area exposed to flow.
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triple row on the part of the femur closer to the trochanter (Fig.  3) create a zone of little or no flow in the area immediately in front of the second and third rows of microtrichia, because of overlap of boundary layers. Scaled-up models of portions of the filters show that this zone of overlap exists up to Re of about 3.0. Parallel orientation of filters to flow (Figs. 10 and 1 1) reduces drag but the number and arrangement of filters also increases the amount of surface exposed to flow with a consequent increase in drag; this may restrict nymphs to slower currents. The second and third rows of microtrichia are operating at highly reduced Re compared with rays in the first row.
Although no mucosubstance-secreting organ is known from mayilies, observations from this study (Fig. 10) show that nymphs of I. campestris can capture suspended particles from suspension. A possible cause of adhesion may be hydrophobichydrophilic or ionic interaction between particles and filters (Gerritsen and Porter 1982) . The latching of microtrichia to lateral microtrichia (Fig. 10 ) increases the probability of particle capture. Particles in the slowest velocity gradient, that of the viscous boundary layer closest to the ray, must pass by two and sometimes three or four rays latched together in a plane parallel to flow. The consequent increase in time for transit of particles past latched rays enhanced particle capture. Latching occurs mostly at the distal end of some rays but most rays functioned as isolated cylindrical collectors.
Generally, adhesion of particles to filters, in both insects, occurs in the slowest velocity gradient of the viscous boundary layer (Fig. 7C, h and e) . The geometry and dimensions of filtering structures used in this study and observations of filters of other suspension feeders (author's unpublished data), together with velocities encountered in nature and basic hydrodynamics, indicate that laminar flow (low Re) is a generality among passive suspension-feeding animals. A suggestion similar to this was made by Vogel ( 198 l), who also indicated that the only high Re suspension feeder may be the baleen whale.
